INTRODUCTION
When a plant is illuminated, its rate of photosynthesis is at first low and gradually increases until it becomes constant. This induction period was first observed by Osterhout and Haas (1918) for UIva and independently confirmed by Warburg (1920) with Chlorella. It has since been found by Van der Paauw (1932) for Hormidium, by Briggs (1933) for Mnium, and by Emerson and Green for Gigartina (1934) .
It is even dentonstrable in Willst~tter and Stoll's (1918) measurements
with Helianthus, 3ambucus, and Acer. Though present in such a variety of plants, the induction period varies considerably, being 2 minutes in Chlorella and Hormidium, 20 minutes in Gigartina, 50 minutes in Mnium, and even longer in Ulva. Van der Paauw found its duration to vary with temperature.
The mere existence of the induction period demonstrates that the light process in photosynthesis must precede the dark or Blackman process (Warburg, 1920; Baly, 1934) . We have therefore undertaken a quantitative description of it under various conditions in the hope that it will give further information about the processes involved in photosynthesis.
II EXP~ERIMENTAL
1. Procedure.--The fresh-water plant Cabomba caroliniana was used with the same methods for control and measurement of photosynthesis as in a previous research (Smith, 1937) .
The tissue was placed in carbonate-bicarbonate mixtures in a Warburg vessel, and after a short time in the dark its respiration determined for 30 minutes. As
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The Journal of General Physiology Warburg has noted, it is not possible to get accurate measurements by periodic observation of the manometer during continuous illumination; there is always a definite lag in the liberation of oxygen from the solution. The plant was therefore exposed for 1 minute to the light, and after 5 or 10 minutes in the dark the reading of the manometer was taken. The procedure was then repeated for successively longer light exposures, until a complete set of data was obtained on
FIG. 1. Photosynthesis as a function of time of illumination for Cabomba. The upper curve is for an intensity of 282,000 meter candles, the lower one for 1,740 meter candles. An induction period is present at both illuminations. The data are averages, each curve representing five similar runs; they are given in Table I. the particular tissue. Several readings were usually made for the short exposures. Where the total amount of photosynthesis was small, three or four fronds of about 300 nag. wet weight were used; otherwise a single frond of about 100 rag. was adequate. A complete run was always made with each tissue, and repeated four times with different fronds so that each point represents the average of at least five individual readings, while the points for short exposures include several more. The average data are in no way different from the single runs.
2.
Results.--Warburg was unable to find an induction period with ChloreUa at low intensities. This is not the case for Cabomba. Fig. 1 presents the data for a high and a low light intensity; both show a well marked induction period. These data are in Table I together with those for an intermediate intensity and for two lower CO~ concentrations at high intensity. For Cabomba, photosynthesis balances respiration near 300 meter candles; reliable measurements for short exposures are thus not possible much below 1500 meter candles. Above this, the induction period is demonstrable over a range of intensities of about 1 to 160 (from 1,740 to 282,000 meter candles) which at this high CO2 concentration is about 85 per cent of the total photosynthesis range. Approximately the same range is covered by the three experiments at different CO2 concentrations at high light intensity (Smith, 1937) .
The data of the induction period are well described by the equation
where p is the photosynthesis rate at any time (0, and p~ is the maximum rate. When plotted on a double logarithmic scale, the shape Table I. of the curve of this equation is independent of the constants p~ and K. In Fig. 2 this curve is drawn through all the measurements for Cabomba given in Table I , so that a change in light intensity or CO2 concentration affects only the position of the curve but not its character. Table II gives the photosynthesis rates as oxygen produced per minute, together with the values calculated from equation (1). Equation (1) also describes with good precision the data of Warburg and of Briggs drawn in Fig. 3 intensity and CO~ concentration is the same for all plants which have been investigated (Smith, 1936; 1937) , the induction period provides an additional aspect of the similarity of the photosynthetic mechanism in different plants.
In Fig. 4 are plotted the data for Hormidium for the three temperatures studied by Van der Paauw. Although of lower precision than the others, these measurements are consistent with equation (1). The large shift of the curves on the time axis with an increase in temperature suggests that it is not a photochemical or a diffusion process which is rate limiting. B o t h the time shift and the increase in the final maximum involve only a change in the constants which describe the data.
Emerson and Green's measurements made with C-igartina immersed in sea water are well described by equation (1). However, equation (1) 
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FIc. 4. The data of Van der Paauw (1932) on Hormidium for the relation between photosynthesis rate and time at three temperatures. Photosynthesis is given as rate per minute in Van der Paauw's units. For the 26 ° data a value at 2.0 minutes has been interpolated in place of an experimental point that is obviously out of line with the rest of the data. The curve from equation (1) has been drawn through the three sets of data. A change of temperature does not alter the shape but only the position of the curve with respect to the ordinates.
III

Theoretical
Equation (1) which describes the data of the induction period may be derived by considering the r61e of chlorophyll in the cycle of ligh and dark reactions. ~ Chlorophyll is apparently involved in the photochemical reactions by the absorption of light quanta, and in the Blackman reaction by transfer of energy affecting the reduction of carbon dioxide. The cycle may be pictured:
Chlorophyll + light --* activated chlorophyll S + oxygen + chlorophyll ~ activated chlorophyll + C02 + I-I~O This scheme involves no assumptions regarding the intimate nature of the reactions concerned, and represents merely a minimum picture of the changes which take place. The position of the substances other than chlorophyll in this scheme will not affect the equations to be derived since these are constant during a study of the induction period, although both the CO~ (Emerson and Green, 1934) and the water (Pratt, Craig, and Trelease, 1937) are probably involved in the dark stage. S represents the carbohydrate formed.
The existence of the induction period indicates that the light process precedes; therefore it is the dark reaction which determines photosynthesis, and we may write
where p is the rate of photosynthesis, and x is the concentration of activated chlorophyll. The concentration of activated chlorophyll depends on the difference in rates of light and dark reactions, since activated chlorophyll is formed in the light and used up in the dark. Thus
The relation between x and t is the integral of equation (3).
(3) 1 Gaffron (1935) has suggested that the diminished oxygen production during the induction period is caused in part by the photo-oxidation of metabolites which accumulate while the plant is in the dark. Such a photo-oxidation would require a longer induction time at low intensities. As Warburg has pointed out, this would he similar to the induction period present in the hydrogen-chlorine reaction, which is distinctly not the case for photosynthesis. We therefore assume that the induction period is a real property of the photosynthetic mechanism as such.
If for (2) we write
and for the integral of (3) (,)
we can derive equation (1). Light intensity, water, and carbon dioxide are constant in any experiment, and are included in the velocity constants k~ and k~; a is a constant which may be related to the total available chlorophyll. Carrying out the integration required by (5) and the substitution from (4), we obtain we obtain equation (1) p t ÷ pl log~ --Kt.
* If kl and k~, the constants for the light and dark processes include the light intensity and C02 concentration respectively, then an increase in either of these factors indicates an increase in p~,, the stationary state rate, which is actually the case (Table II) . However, the K values, which are also expected to increase, seem to show a trend in the opposite direction. The values are too uncertain for any definite conclusion to be drawn since each set of measurements was made on different material.
Many curves have been derived from equations similar to (4) and (5) but having different exponents. These curves are invariant in form when plotted on a double logarithmic scale, and may readily be compared with the data. They all show a steeply rising portion, a rapidly curving transition region, and a horizontal section at the stationary state. The slope of the steep portion depends very largely on the exponent in the term of the dark reaction. The approximate slopes are 0.5, 1.0, and 1.5 where x is respectively raised to the powers 0.5 and 1 and 2. The principal effect of the different exponents in the light reaction is to alter the curvature of the transition region.
The slope of the steep portion of the curve is 1.5 (Figs. 2, 3 , and 4), indicating that the dark reaction is of the second order. When the equations are of simple bimolecular form as in with f ax/d,-f k,(a-x),-,,., 
has a slope of 1.0 for the steep portion, and is wholly inadequate for a description of the data. In Fig. 5 are drawn for comparison the curves for equations (6) and (11), and the integral of (7) with the substitution required by (8).
That the simple assumptions of light and dark processes are not completely adequate is shown by the fact that the equations which describe the data for the induction period are not in harmony with those that describe the relation between intensity and photosynthesis (9) the integral obtained, with the substitution required by (8), gives a slope for the steep portion similar to that of the curve derived from the data and of equation (6), but differs markedly in the curvature at the transition region.
Where the light and dark processes are first order as in at the stationary state. The data for intensity and photosynthesis at the stationary state can be described by the equation 2
with p = k2x (13) whereas, for the induction period, p must be proportional to x 2 in equation (13) (11); B is from the integral of (7) with the substitution of (8); C is from equation (6). The units are arbitrary, and the curves have been made to coincide at the stationary state for comparison. Drawn on a logarithmic scale, the curves have a shape which is independent of the constants in the equations.
limits the rate at the stationary state is not the same reaction which determines the rate of increase of photosynthesis during the induction period. The term for the light process (a 2 -x ~) is the same in both
I N D U C T I O N P E R I O D IN P H O T O S Y N T H E S I S
cases, with intensity entering as the square, and indicates that the same light reactions are involved in both phenomena.
For the first part of the induction period, i.e. until the stationary state is approached, the amount of photosynthesis is proportional to the square of the time. This can be related to the results of Emerson and Arnold (1932) who found that the amount of photosynthesis was independent of light intensity when the product of intensity and time was constant. They assumed that this indicated a photochemical process directly proportional to the intensity. With the short light exposures used by these investigators, well within the time of the induction period of Chlorella, photosynthesis is proportional to the square of the time, and their results indicate that the product of the squares of intensity and time is constant. This would be in keeping with equation (12) which indicates that intensity enters as the square in the photochemical reactions of photosynthesis.
The author is grateful to Professor Selig Hecht for much friendly advice and criticism. 2. The equation which describes the data for Cabomba also describes the data obtained by other investigators on different species. The phenomenon is thus shown to be similar in plants representative of three phyla.
3. A derivation of the induction period equation is made from a consideration of the cycle of light and dark processes known to occur in photosynthesis. The equation indicates that light intensity enters as the square, and that the same light reactions are involved as those which affect the stationary state rates. However, a different dark reaction appears to limit photosynthesis during the induction period. BIBLIOGRAPHY Baly, E. C. C., Kinetics of photosynthesis, Nature, 1934, 134, 933. Briggs, G. E., Experimental researches on vegetable assimilation and respiration. XXI. Induction phases in photosynthesis and their bearing on the mechanism of the process, Proc. Roy. Soc. London, Series B, 1933, 113, 1. 
